Abstract-High-altitude electromagnetic pulse (HEMP) radiated from both primary and secondary currents, which are induced by a nuclear explosion, is computed by using the Jefimenko's equation. The effects of geomagnetic field is considered in computing the primary current, and the rough sea surface is considered in computing the reflected electric field in the frequency domain. The waveforms of HEMP near sea surface and a few km above it are simulated. The impulse and pulse characteristics are discussed, as well as the variation of peak field magnitude when the observation point is moved away from beneath the burst point.
. Coordinate systems defined to simulate an HEMP event.
In this work, the electric field of an HEMP is simulated near the sea surface and a few km above the sea level. The Jefimenko's equation is used to compute the radiation from the induced currents. The effects of geomagnetic field and reflection by rough sea surface are also included. This paper is organized as follows: The theoretical model is presented in Section 2, simulation results are discussed in Section 3, and some conclusions are drawn in Section 4. Figure 1 shows the coordinate systems defined to simulate the electric fields of an HEMP caused by a nuclear explosion. The origin O represents the burst point, which is directly above the origin O, with OO =ẑh. The primary current density, under the effects of geomagnetic field, can be expressed as [3] J pri,r (r , t ) −eζv 0 g(r )
THEORETICAL MODEL
Rγ /v 0 0 dτ cos
where e = 1.6 × 10 −19 coul is the basic charge unit, ζ 1, v 0 = 0.95c m/s is the mean velocity of primary electrons; ω L = eB 0 /(γ L m e ) is the cyclotron frequency, with γ L = 1/ 1 − β 2 and β = v 0 /c; t = t − R/c, τ = t − r /c and τ = t − t ; t is the time to observe the electric fields above sea surface, with the burst occurring at t = 0; t is the time to observe the primary current in the source region, t is the time when a γ ray interacts with air molecules in the source region; R γ 3 × 10 2 ρ 0 /ρ (cm) is the mean distance a primary electron travels in the atmosphere; ρ and ρ 0 are the air density at the height of interest and on the sea surface, respectively. The functions f (t ) and g(r ) can be represented as [3, 15] 
where Y γ = 0.001Y (ton) is the γ ray yield; Y (ton) is the yield of the explosive; E ray (MeV) is the mean γ ray energy, which is set to 1.6 in this work; m 3 × 10 4 ρ 0 /ρ (cm) is the mean-free-path of primary electrons; and α 1 = 2× 10 −8 s and α 2 = 2× 10 8 s −1 are two empirical parameters. Fig. 2 shows a typical pulse waveform f (t ) [15] , which is used in the subsequent simulations. Figure 2 . A typical pulse waveform f (t ) [15] .
The secondary current density can be expressed asJ sec = σĒ, where σ(r , t , |Ē|) = eμ e (r , |Ē|)n sec (r , t ) ( 2 ) is the effective conductivity [3] , m e = 9.1 × 10 −31 kg is the electron mass, ν c = 4 × 10 12 ρ/ρ 0 (s −1 ) is the collisional frequency, and the number density of secondary electrons, in the presence of geomagnetic field, can be expressed as [3, 16] 
where k 1 = 10 8 (ρ/ρ 0 ) 2 s −1 is the attachment rate of an electron to an oxygen molecule [4] . By alternately updating the electric field and the air conductivity, the electric field is iterated as [17] 
with n = 2, 3, . . ., until E (n) converges. The convergent electric field is then substituted into (2) to obtain the convergent air conductivity. The electric field near the sea surface, induced by the electric current, can be calculated by using the Jefimenko's equation as [18] 
whereR =r s −r d . Eq. (6) can be transformed to the frequency domain as
The current density in the source region is transformed toJ(
By substituting (9) into (7), we obtain The effects of rough sea surface on maritime communications were studied in [19] [20] [21] [22] [23] . Fig. 3 shows the schematic of incident and reflected fields above sea surface, caused by currents in a specific cube in the source region. The reflected field atr s can be expressed in terms of the TE and TM components as
whereq =x sin
; and the reflection coefficients of the TE and TM components on a rough sea surface can be expressed as
where
is the Miller-Brown roughness reduction factor [24, 25] , I 0 (α) is the zerothorder modified Bessel function of the first kind,
is the standard deviation of sea-surface profile, U 10 is the wind speed at 10 m above the sea level,
The reflected field atr s , contributed by all the currents in the source region, can thus be expressed asĒ
Finally, the total electric field at (r a , t) can be expressed as 
whereR g =r g −r s ,k t ·R g ωR g /v g + jα g R gz , and the transmission coefficients of the TE and TM components through rough sea surface are approximated as
Thus, the transmitted field atr g , contributed by all the currents in the source region, can be expressed asĒ
Finally, the time-domain transmitted field atr g can be expressed as
where Figure 5 shows the spatial distribution of the maximum amplitude of J pri in the source region, with the height-of-burst (HOB) at 100 km. The yield of explosive is assumed to be 10 kiloton;B 0 is along theŷ direction, with magnitude of 0.4 Gauss. Figure 6 shows the distribution of the maximum amplitude of J sec in the source region. Fig. 7 shows the distribution of ∂J tot /∂t max , where ∂J tot /∂t is the time derivative ofJ tot . In the subsequent simulations, the length, width and height of the effective source region are chosen to be 102 km, 102 km and 18 km, respectively; and the bottom of the source region is at h b = 19 km above the sea surface. Figure 8 shows the impulse waveform of E ix observed at (x a , y a , z a ) = (0, 0, 20) m, with the peak value of −12, 940 V/m. Since the geomagnetic field points in theŷ direction, making the electrons move in the x-z plane, thus no E iy component is observed. Figure 9 shows the pulse waveform of E iz at (x a , y a , z a ) = (0, 0, 20) m, with the peak value of −37.3 V/m. The distribution of primary current is symmetrical with respect to OO shown in Fig. 1 . At observation points along OO , the z-component of electric field radiated by the primary current is zero due to symmetry of the primary current distribution, hence the waveform of E iz shows no impulse characteristics. Figure 10 shows the impulse waveform of E rx at (x a , y a , z a ) = (0, 0, 20) m. The peak values of E rx at U 10 = 0, 5 and 10 m/s are 12, 820, 12, 523 and 9, 052 V/m, respectively. The reflected field at U 10 = 5 m/s is almost the same as that at U 10 = 0 m/s. The waveforms of E ry and E rz show no impulse characteristics for the same reason as the incident field. Most spectral components of the incident field are below 100 MHz. At low or mild wind speeds, the Miller-Brown roughness reduction factor (ρ MB ) is close to unity. Take U 10 = 5 m/s for example, ρ MB = 1, 0.9993 and 0.9324 at f = 1, 10 and 100 MHz, respectively, with θ i = 45 • . At U 10 = 10 m/s and θ i = 45 • , we have ρ MB = 0.9999, 0.9887 and 0.4323 at f = 1, 10 and 100 MHz, respectively. Hence, the waveform of the reflected field appears similar to that of the incident field. Figure 11 shows the impulse waveform of E x at (x a , y a , z a ) = (0, 0, 5) m. The E rx begins to rise right after the fall of E ix . Thus, the field magnitude during this transition period changes more rapidly than that at z a = 20 m. Figure 12 shows the impulse waveforms of E ix at (x a , y a , z a ) = (0, 0, 2) km. The peak value of E ix is −13, 210 V/m, which is slightly larger than that at (x a , y a , z a ) = (0, 0, 20) m because the former is observed at a shorter distance from the source region than the latter. Figure 13 shows the pulse waveform of E iz at (x a , y a , z a ) = (0, 0, 2) km, with the peak value of −42.2 V/m. Figure 14 shows the impulse waveform of E rx at (x a , y a , z a ) = (0, 0, 2) km. The peak values are 13, 462, 13, 148 and 9, 477 V/m, at U 10 = 0, 5 and 10 m/s, respectively. Similar to the observation in Fig. 10 , the peak value at U 10 = 10 m/s is smaller than those at lower wind speeds. Figure 15 shows the distributions of impulse amplitude of E x , E y and E z , respectively, along the x a axis, with (y a , z a ) = (0, 20) m and U 10 = 10 m/s. The E z component shows impulse characteristics at x a = 0 where the contribution from the primary currents in the source region is not completely canceled out. The E y component shows no impulse characteristics at x a = 0 due to symmetry of the primary Waveforms of E ix impulse at (x a , y a , z a ) = (0, 0, 2) km, t 0 = 326.6 µs.
SIMULATIONS AND DISCUSSIONS

Figure 13.
Waveform of E iz pulse at (x a , y a , z a ) = (0, 0, 2) km, t 0 = 326.6 µs. current distribution with respect to the xz-plane. Figure 16 shows the distributions of impulse amplitude of E x , E y and E z , respectively, along the y a axis, with (x a , z a ) = (0, 20) m and U 10 = 10 m/s. The amplitude of E y increases with |y a | because the difference of contribution from primary currents in the source region with y > y a and that with y < y a increases with |y a |. The E z component shows impulse characteristics at y a = 0 for the same reason that explains Fig. 15. 
CONCLUSION
A complete model of HEMP generation, including the effects of geomagnetic field and reflection from sea surface, has been established to simulate the HEMP waveforms above sea surface. Both pulse and impulse characteristics are observed and analyzed. Simulations results at 20 m and 2 km, respectively, above sea level are also compared. The effects of rough sea surface under different wind speeds are considered. Reflected components of an HEMP near the sea surface may impose stronger threat than the incident HEMP alone. Various parameters characterizing HEMPs have been presented and analyzed based on the simulation results.
